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Abstract
In recent years, many developments in the field of the physical human robot interaction
(pHRI) have been witnessed and significant attentions have been given to the subject of safety
within the interactive environments. Ensuring the safety has led to the design of the robots
that are physically unable to hurt humans. However, Such systems commonly suffer from the
safety-performance trade-off. Magneto-Rheological (MR) fluids are a special class of fluids
that exhibit variable yield stress with respect to an applied magnetic field. Devices developed
with such fluids are known to provide the prerequisite requirements of intrinsic safe actuation
while maintaining the dynamical performance of the actuator.
In this study, a new concept for generating magnetic field in Magneto-Rheological (MR)
clutches is presented. The main rationale behind this concept is to divide the magnetic field
generation into two parts using an electromagnetic coil and a permanent magnet. The main
rationale behind this concept is to utilize a hybrid combination of electromagnetic coil and
a permanent magnet. The combination of permanent magnets and electromagnetic coils in
Hybrid Magneto-Rheological (HMR) clutches allows to distribute the magnetic field inside an
MR clutch more uniformly. Moreover, The use of a permanent magnet dramatically reduces
the mass of MR clutches for a given value of the nominal torque that results in developing
higher torque-to-mass ratio. High torque-to-mass and torque-to-inertia ratios in HMR clutches
promotes the use of these devices in human-friendly actuation.
Keywords: Human Friendly Robots, Magneto-Rheological Actuator, MR Clutch, Hybrid
Magneto-Rheological Actuator, HMR Actuator, Intrinsically Safe Actuators, Soft Robotics.
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Chapter 1
Introduction
Roboticists have long foreseen humans and robots existing side by side and sharing work [1].
Since the 1960s, robotic systems have been developed and employed in different fields espe-
cially, automations and manufacturing industries. Robots have also been introduced into non-
industrial areas such as homes and offices to help humans in living environment. However,
there are several sources of danger when working closely with robotic devices. Unexpected
collisions involving in collaboration of human and robot pose the highest degree of danger,
mainly due to the unpredicted relative motion. Safeguarding systems were developed to insure
the safety of the industrial robots. However, these methods are based on isolating human from
robot workspace, and are not suitable in human-robot environments in which an interaction
between the person and the robot is presupposed.
Safety in human-robot interaction has drawn large attention to development of intrinsi-
cally compliant robots which are able to suppress the impact forces caused by collision. The
development of compliant actuators, however, has compromised dynamic performance. Sub-
sequent evolutions increase mechanical complexities to maintain the dexterity of the actuation
mechanism. In response to the increasing demand for human-safe robots, our research group
introduced Distributed Active Semi-Active Actuation (DASA) approach. This actuation con-
cept was originally disclosed in [2, 3]. DASA uses Magneto-Rheological (MR) clutches as its
building block. MR clutches can produce large torques without gearing. These clutches offer
high torque-to-mass and torque-to-inertia ratios, making them a proper candidate for human-
friendly actuation. MR actuators are controlled by the intensity of the applied magnetic field.
The aim of the current study is to introduce and analyse the use of parallel combination of
1
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electromagnetic coil and permanent magnet in generating magnetic field inside an MR clutch.
1.1 Review of Human-Safe Robots and Human-Friendly Ac-
tuation
1.1.1 Safeguarding and Collision Avoidance
The use of safeguarding was a very first attempt to insure the safety of the industrial robots. The
operation of the industrial robot is controlled by a separate robot controller in which prescribed
instructions for accommodating the operation of the robot are preliminarily stored. However, it
might occur that a movable part of the robot performs an erroneous movement while being pro-
grammed by an operator [4]. In order to prevent the occurrence of such erroneous movement
of the robot, safeguard method such as locating a cage or fence around a robot, providing an
emergency stop, limiting the movable range of the robot’s part by means of hardware or soft-
ware, etc., have been employed. However, these technologies prevent the human to be involved
with robot in the area of the human-robot interaction.
Another approach is to hire sensors to prevent and detect collisions in robot applications.
Such methods require knowledge of the robot’s environment. Collision detection and avoid-
ance in real time fashion are typically based on the use of additional external sensors, on-board
vision [5], strain gauges [6], and torque/force sensors and load cells [7]. In the case of collision
detection, the robot’s controller should either stop the motion or perform an alternative task.
1.1.2 Light Weight Manipulators and Robots
Light-weight robots are especially designed for mobility and interaction with a priori unknown
environments and with humans. Whole-arm manipulation system (WAMS) is a cable-driven
arm [8]. Tendon drive was used to achieve back-drivable speed reductions that increase the
stiffness of the robotic structure, and also provide efficient, smooth, light-weight transmission.
The DLR LWRIII [9] is a redundant robot with seven degrees of freedom, with a weight of
13.5 kg, and a load to weight ratio of 1:1. It has joint torque sensors in each joint and redun-
dant position measurement (on motor and link side). In addition to the position and velocity
interface, it has a torque control interface, enabling high performance soft robotics control.
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1.1.3 Complaint Actuators
A more popular approach to create intrinsically safe robots is to make them compliant [10,11].
Even if collision avoidance can be implemented by sensors and artificial intelligence, it is
still preferable to design robots that are physically unable to hurt people during unexpected
collisions [12].
Series Elastic Actuator (SEA) [10] places an elastic component between the actuator and
the robot link. SEA turns the force control into a position control problem, greatly improving
force accuracy. The force control is achieved by controlling the postilion of the elastic ele-
ment. This approach can lower the total impedance of a set of motor and gearbox. SEA can
offer many benefits when compared to traditional stiff actuators. These benefits include shock
tolerance, lower reflected inertia, more accurate and stable force control, and less damage to
the environment. However, a drawback of this design is the control of the applied force using
an elastic element. The use of an elastic element limits the control bandwidth of the actuation
system as such SEA suffers from limited-bandwidth.
Variable Stiffness Actuator (VSA) [11] was introduced later to address the shortcoming of
SEA. VSA has ability to alter the stiffness of the transmission coupling such that it becomes
more compliant during high velocity tasks and stiffer during low velocity tasks. However,
limited-bandwidth of the SEA approach still leads to limited dynamic performance in VSAs.
Variable Impudence Actuators (VIAs) [13, 14] was also introduced upon the concept of VSA.
VIA was realized based on varying the mechanical impedance (i.e. stiffness, damping, and/or
gear-ratio parameters) of the actuation subsystem. VIA was designed to achieve fast motion
control while guaranteeing safety of the actuation system.
Distributed macro-mini actuation (DM2) [15] was introduced to maintain the inherent safety,
while preserving performance. DM2 actuation approach utilizes a parallel combination of low
and high frequency actuators. In this concept low-frequency high-torque actuators are used to
do the heavy-lifting jobs, while the high-frequency torque actuation is maintained using small
motors. For the high-frequency actuation, very low impedance is achieved by connecting the
motor to the manipulator through low-friction, low-reduction cable transmissions. As for low
frequencies, low impedance is achieved using series elastic actuators (SEA). This concept has
been employed in the actuation mechanisms of a 2-DOF arm [16] and a 3-DOF “Human-
Friendly Robot” (HFR) [17].
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1.1.4 Variable Damper Actuators
An alternative to Series Elastic Actuator (SEA) is the Series Damper Actuator (SDA) which in-
corporates a series damper instead of a series elastic component between the actuators and the
load [18]. This configuration allows controlling the output torque of the actuator based on the
relative angular velocity between the motor and the damper. SDA was then extended to Vari-
able Damping Actuation (VDA) [19]. Variable dampers are realized depending on their differ-
ent operating principles [20]; friction dampers, Electro-Rheological and Magneto-Rheological
dampers, Eddy current dampers, fluid dynamics dampers.
1.1.5 Distributed Active Semi-Active Actuation Approach
Distributed Active Semi-Active Actuation (DASA) [21] is our approach for delivering safe and
performant actuation. DASA approach breaks down the actuation into two elements; an active
element such as an electric motor and a semi-active element that is a Magneto-Rheological
(MR) clutch. The active element is responsible for generating the actuation power while the
semi-active element is responsible for delivering the actuation power to the load. This approach
allows multiple semi-active elements (i.e. MR clutches) at different locations to be driven using
a single active element (e.g. motor). In a robot, the semi-active elements can be located at the
joints and be all driven using a single active drive at the base of the robot [22, 23]. To enable
independent motion of each joint two antagonistically driven semi-active elements are used
at each joint. In this approach, known as Antagonistic-DASA (A-DASA) the motor provides
input in opposite directions, clockwise and counter-clockwise, which enables a pair of antag-
onistically driven semi-active elements to drive each joint in either direction and independent
from the other joints.
The building block of DASA and A-DASA is an MR clutch in which MR fluid is used as
a means of torque transmission between the input and output of the MR clutch. The ability
to change the viscosity of MR fluids rapidly and precisely give MR clutches desirable char-
acteristics. MR clutches (subsequently DASA and A-DASA) can achieve high bandwidth in
force/torque control [21, 24]. These devices can be built with high torque-to-mass and torque-
to-inertia ratios and be utilized in medium to high torque demand robotic applications. MR
clutches are full back-drivable devices and neither expensive nor technically complex.
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1.2 Magneto-Rheological Devices and Actuators
Magnetorheological (MR) fluids are a class of smart materials composed of a carrier fluid,
typically a type of oil or water, with suspended micron-sized particles. The viscosity of the
fluid can be controlled by an external magnetic field through the alignment of the particles in
the direction of the field in form of columns. The yield stress of the fluid is dependant on,
and can be controlled with the intensity of the magnetic field. MR fluids follow the Bingham
models: after a yielding point, they behave as viscous liquids. The Bingham visco-plastic
model is commonly used to represent the shear stress of the fluid as a function of the applied
field, and shear rate. Additional models have also been used to describe the non-linear behavior
of MR fluids, such as Herschel-Bulkley model [25], and Bouc-Wen model [26]. MR fluids
exhibit little or no hysteric behavior [27] and respond on the order of milliseconds [28].
Although being discovered in late 1940, MR fluids have only become commercially avail-
able recently. MR based devices have been widely used in many applications, such as damper
in automotive industry [29], earthquake-proof structure [30–32], fan clutch [33].
Devices utilizing MR fluids have also been recognized in robotics, however almost entirely
for use in haptic systems. Suitability of MR actuators in haptic interfaces is presented in [34].
Design and development of haptic devices based on MR fluids were presented in [35, 36]. Leg
exoskeletons were implemented using promising electromagnetic structures of MR based ac-
tuators [37, 38]. Perpendicularly positioned MR actuators in a gimbal structure demonstrated
the applications of the MR actuators in virtual reality [39]. More recently, the ability of MR
actuators to enhance the safety of human-friendly robots based on the intrinsic passivity of MR
actuators was discussed in [21,40]. A normally closed (NC) type MR clutch using electromag-
netic coil and a set of rare-earth permanent magnets as a safety device for human-collaborative
robots is proposed in [41].
1.2.1 MR Fluid Durability
The study of MR fluids has become aligned with development of MR devices. Researchers
are exploring new ways to develop more efficient MR fluids. MR fluids have shown some
limitations that prevents their ability in different applications. Failures and defects such as hard
cake, clumping effects, fluid particles separation (FPS) and particles oxidation require special
attention to minimize the failure on MR fluids [42].
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Hard cake
Most MR fluids face problems due to sedimentation and the formation of hard cake in the
absence of particular additives. The formation of hard cake is extremely hard to scatter due
to existence of remnant magnetization between the particles. Proper choice of additives can
insure that the MR fluid is stable against particle settling in different applications. In this
regard, silicone oil based fluids have shown advantages in terms of deterioration especially if
exposed to high temperatures for extended periods or to ionizing radiation [43].
Clumping effects
Clumping effect occurs when MR fluids are exposed to higher magnetic field for a longer
period of time. The iron particles in an MR fluid become entrapped in the chains that were
formed under magnetic field. Clumping effect eventually makes the MR fluid stiffer
Particles oxidation
MR fluids are mainly consist of 20-40% magnetic particle of various type such as carbonyl
iron, stainless steel flakes, hydrogen reduced iron, and magnetic iron oxides. Iron based MR
fluids suffer from oxidization if exposure to the atmosphere. Oxidation of particle alters the
performance of an MR fluid due to chemical changes of the iron and demolishes magneto-
rheological effect of the fluid.
A durability test of magneto-rheological fan clutch was conducted for 540 and 108 hours
of service. Production of porous layer of magnetite on the particles surface proved that the iron
particles oxides over time [44]. Another experiment of an automotive MR damper showed that
the yield stress increases up to five times in the fluid off-state due to in-use-thickening (IUT)
under the exposure to a long term loading simultaneously [45].
1.2.2 MR Fluid Characteristic
The field dependent yield stress τ and magnetic flux density B are expressed in terms of the
magnetic field intensity H applied to the MR fluid, and are shown in Fig. 1.1 and Fig. 1.2,
respectively. The field dependent yield stress and magnetic flux density versus magnetic field
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intensity are a series of predicted curves based on “Dr. Dave” emprical equations [46]:
B = 1.91φ1.133(1 − e−10.97µ0H) + µ0H (1.1a)
τy = 2.717 × 105Cφ1.5239 tanh(6.33 × 10−6H) (1.1b)
where φ is the volume fraction of iron particles, µ0 = 4pi × 10−7 is the permeability of the
free space, τy is the yield stress, H is the magnetic intensity, and C equals 1.0, 1.16 or 0.95
depending on whether the carrier fluid is hydrocarbon oil, water or silicone oil.
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Figure 1.1: Yield Strength versus magnetic field strength of several typical MR fluids.
1.3 Objectives
The purpose of this work is to develop, optimize, and implement a new magnetic actuation
mechanism in MR fluid based actuators used in robotic applications. The main objective of
this work can be summarized as follow:
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Figure 1.2: Magnetic field versus magnetic field strength of several typical MR fluids.
• The proposal of a new hybrid Magneto-rheological (MR) actuator using a parallel com-
bination of electromagnetic coil and permanent magnet.
• Studying the performances of the optimized hybrid MR actuator with its coil-based coun-
terpart.
• The design, and manufacturing of the proposed hybrid MR actuator.
• Modeling and control of the actuation mechanism.
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1.3.1 Contributions
The major contributions of this dissertation are as follows:
Introduction of a Hybrid MR Actuator
In this work, a new concept for generating magnetic field in Magneto-Rheological (MR) clutches
is presented. This concept breaks down the magnetic field generation into two parts using an
electromagnetic coil and a permanent magnet. The combination of permanent magnets and
electromagnetic coils in MR clutches allows to distribute the magnetic field inside an MR
clutch more uniformly by relocating the areas in the magnetic path that are more prone to mag-
netic saturation. The permanent magnet also provides the clutch with an initial magnetic flux
to keep the MR clutch at its optimal working point. The electromagnetic coil on the other hand
adjusts the magnetic field to a desired value on demand.
Development of a Hybrid MR Actuator
A novel Hybrid MR Actuator (HMR) actuator using a parallel combination of electromagnetic
coil and permanent magnet is developed and fabricated. The prototype HMR clutch is the
newest generation of MR clutches introduced in our previous works. HMR clutch results in
much favorable torque-to-mass ratio in comparison to its coil-based counterpart making them
suitable for human safe robotic applications.
Modeling Hysteresis in MR Actuators
MR clutches suffer from the existence of nonlinear hysteretic behavior between their input
and output. This behavior needs to be fully investigated in order to perform high fidelity
force/torque control. An Artificial Neural Network (ANN) that uses magnetic field measure-
ments from an embedded Hall sensor inside the clutch is trained to estimate the hysteretic
behavior of the HMR clutch, and deal with unknown dynamics of the system. The developed
neural network is capable of accurately predicting the transmitted torque as well as model-
ing the hysteretic relationship between the applied current, internal magnetic field within the
clutch, and the output torque of the actuator. The effectiveness of the proposed method is
experimentally validated.
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1.3.2 Thesis Outline
The rest of this thesis is organized as follows, while the overlap between chapters are inevitable
due to the integrated nature of the thesis.
In Chapter 2, the hybrid MR actuator using a parallel combination of permanent magnet and
electromagnetic coil is introduced. Here, Finite Element Method (FEM) is hired to study the
the intensity of the (quasi-static) magnetic field inside the clutch. FEM model of a previously
built conventional MR clutch is experimentally validated to further investigate the preliminary
behavior of the HMR clutch. An optimization problem is defined to compare the optimal
designs of conventional and hybrid MR clutches.
In Chapter 3, the design procedure of the novel HMR clutch, as well as experimental val-
idation are presented. Details regarding optimization, mechanical design, and fabrication are
discussed. The dynamic performance of this actuation mechanism is then experimentally ana-
lyzed.
In Chapter 4, the non-linearity within the HMR clutch is discussed. Artificial Neural Net-
work (ANN) is proposed to address the hysteresis in magnetic model of the HMR clutch. Ex-
tensive experimental results are presented in this chapter to validate the proposed ANN model
Finally, remarking conclusion are given in Chapter 5. This chapter also addresses the future
work.
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Chapter 2
Design and Development of a Hybrid
Magneto-Rheological Actuator
The material presented in this chapter is published in the proceeding of ”IEEE International
Conference of Robotics and Automation (ICRA),” pp. 3083-3088, Stockholm, Sweden, 2016,
doi:10.1109/ICRA.2016.7487474.
In this chapter, we present a new concept for generating magnetic field in Magneto-Rheological
(MR) clutches intended for safe robotic applications. The main rationale behind this concept
is to divide the magnetic field generation into two parts using an electromagnetic coil and a
permanent magnet. The permanent magnet generates a bias magnetic field density at the opti-
mum working point of the MR clutch while the energized coil can add or negate the magnetic
field to a desired value. The results will show clear advantages of this concept in reducing
the total weight of the MR clutch, improving the torque-to-mass ratio, and reducing electrical
power consumption. The proposed concept is validated using computer model of an MR clutch
and Finite Element Method (FEM) is hired to compare the characteristics of the proposed MR
clutch with those from conventional coil based clutch. Experimental results will be provided
to further validate the advantages of the proposed new concept.
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2.1 Introduction
In the late 1940, Magneto-Rheological (MR) fluids were discovered with the capability of
changing their shear strength within few milliseconds [1] in response to external magnetic
fields. This capability of MR fluids made them a good candidate for the development of auto-
matic clutch devices. However, MR fluids have only become commercially available recently
and being widely used in automotive and structural engineering in form of a damper. More
recently, there has been more efforts towards the development of MR fluid-based devices as
variable resistance brakes and clutches.
In most MR clutches electromagnetic coils have been used as the primary source of actua-
tion to control the output torque of the MR clutch. The use of permanent magnets (PMs) as the
primary actuation source in MR clutches has received less attention though. A fail-safe MR
device excited by permanent magnets was proposed in [2]. The device was designed to engage
and disengage a power brake vacuum pump from a diesel engine. A two-way MR fluid valve
using a permanent magnet and a coil was discussed in [3]. The drawback of this design was
the location of the permanent magnet that required the rated current of the coil to be carefully
chosen in order not to outdo the coercivity of the PM. A normally closed (NC) type clutch us-
ing MRFs and rare-earth permanent magnets as a safety device for human-collaborative robots
was studied in [4]. Under normal circumstances, the maximum torque would be transmitted
through the clutch. The maximum torque was dictated by the power of the permanent magnet,
while energizing the coil negates the magnetic bias of the PM. To the best of our knowledge,
the use of PM and magnetic coil as proposed here has never been reported in the literature.
The main contributions of this work is the introduction of a new concept to combine a
PM and an electromagnetic coil for magnetic field generation. This new concept results in
significant reduction in the weight and electric power consumption in MR clutches. A new
scheme to design, develop, and implement a hybrid MR clutch is also presented. Comparison
results between hybrid MR clutches that use permanent magnets and electromagnetic coils and
conventional coil based MR clutches are presented to validate our claims.
Compliant actuators are meant to disengage the reflected inertia of the actuator from the
output link by integrating an elastic [5] or a damper [6] element into the transmission mech-
anism. The use of a compliant interface reduces impact forces and adds to the safety of the
actuation paradigm. In this regard, MR clutches have been found to be advantageous to replace
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the reflected inertia of the motor and gearbox with the inertia of the MR clutch itself [7]. This
property of MR clutches lends itself to an excellent actuation alternative for safe human-robot
collaborations. The higher torque-to-mass and torque-to-inertia ratios of the MR based actu-
ators improve intrinsic safety characteristics of the actuation dramatically. In this paper it is
shown that hybrid MR clutches can offer much favorable torque-to-mass ratio than their coil
based counterparts. The combination of permanent magnets and electromagnetic coils in MR
clutches allows to distribute the magnetic field inside an MR clutch more uniformly by relo-
cating the areas in the magnetic path (such as the main shaft) that are more prone to magnetic
saturation. By avoiding saturation, one can reduce the volume of material used in the magnetic
path, ergo reducing the total mass of actuator and improving its inherent safety characteristics
even further.
The organization of this chapter is as follow: Section 2.2 introduces MR clutches and
derives the relationship between electrical and mechanical inputs and the output torque. Section
2.3 presents computer model verification of our previously manufactured MR clutch using
experimental results. Section 2.4 introduces the permanent magnet based MR clutch, compares
conventional and hybrid MR clutches, and presents a new hybrid MR clutch with optimal
design. The last section concludes how the use of permanent magnets and electromagnetic
coils can improve the functionality and characteristic of an MR clutch in terms of weight,
compactness, and the output torque.
2.2 MR Actuator
Magnetorheological (MR) fluids are a class of smart materials composed of a carrier fluid,
typically a type of oil or water, with suspended micron-sized particles. The viscosity of the
fluid can be controlled with an external magnetic field through the alignment of the particles in
the direction of the field in form of columns. The yield stress of the fluid is dependant on the
intensity of the magnetic field. The efficiency of the fluid is judged using its yield stress, τy that
measures the strength of the column structure formed by the electromagnetic coil. The rotation
of the input shaft of an MR clutch under the influence of an induced field, causes shearing in
MR fluid resulting in the rotation of the output shaft.
Fig. 2.1 depicts the cross section of a typical multi-disk MR clutch. It consists of stacks of
input and output disks arranged around the rotational axis of the clutch with the space between
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them filled with MR fluids. A yoke is required to close the magnetic circuit. An MR clutch is
being controlled using both electrical and mechanical inputs, the latter is often kept constant.
Thus the output of the system is controllable mainly using the electrical input. When the
electromagnetic source is energized, the shear stress of the MR fluid is altered (increased)
within the magnetic path, allowing the MR clutch to transmit the input mechanical power to its
outer part.
The changes in the viscosity of MR fluids in response to an applied magnetic field follow
the behavior of a Bingham fluid with high viscosity and low liquidity. Additional models
have been used to describe the non-linear behavior of MR fluids, such as Herschel-Bulkley
model [8], and Bouc-Wen model [9]. However, these models are complex and do not offer
significant advantages for most common applications of MR clutch such as the one described
in this paper. We use a Bingham plastic model to describe the behavior of MR fluids in the
multi-disk MR devices as follows [10],
τ = τy(B) + η
dv
dz
, τ > τy (2.1)
where τ is the shear stress, τy is the field dependent yield stress, B is the magnetic field, η is the
Newtonian viscosity, and dvdz is the velocity gradient in the direction of the field. The velocity
gradient in (2.1) can be assumed constant. Under conditions discussed in [7], the model can be
presented as,
τ = τy(B) + η
ωr
l f
, τ > τy (2.2)
where ω is the relative angular velocity between input and output of the clutch, l f is the thick-
ness of MR fluid gap between input and output disks, and r is the radius from the rotational
axis. In a multi-disk MR clutch (e.g., Fig. 2.1), the transmitted torque is given by,
dT = 2pir2τdr. (2.3)
where r is the radius from the shaft, and τ is given in (2.2). The torque produced by an N-disk
MR actuator can be expressed by integrating (2.3) along both sides of each MR gap as follows,
T = 4Npi(
τy(B)(R32 − R31)
3
+
ηω(R42 − R41)
4l f
) (2.4)
where R1 and R2 are the inner and outer radius of the disks, respectively. The field dependant
yield stress used in (2.4) can be expressed in terms of the magnetic field intensity applied to
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Figure 2.1: Cross-section of a multi-disk MR clutch.
the MR fluid and the material properties of the MR fluid, i.e.,
τy = 2.717 × 105Cφ1.5239 tanh(6.33 × 10−6H) (2.5)
where τy is the yield stress in Pa, φ is the volume fraction of iron, H is the magnetic intensity,
and C depends on the carrier fluid; for hydrocarbon oil C = 1.
2.2.1 MR Clutch Modeling Using FEM
The characteristic of an MR clutch can be modelled using Finite Element Method (FEM). The
hysteresis behavior of the ferromagnetic materials though cannot be easily integrated into the
computer model. Nevertheless, the model still provides substantial information regarding the
intensity of the (quasi-static) magnetic field inside the clutch, the relationship between the input
current and the magnetic field, and the output torque of the clutch with respect to the magnetic
field. COMSOL Multiphysics R© is a suitable software platform for developing models based
on FEM. Using (2.4) and (2.5) in our model, we can predict the transmitted torque as a function
of magnetic field strength within each MR fluid gap. The second term in the right hand side of
(2.4) can be ignored due to the small differences between the input and output angular velocities
of the MR clutch and the small value of Newtonian viscosity [11].
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The computationally expensive nature of this type of modeling prohibits its use in control
applications. However, the model is sufficiently accurate to lead the design and optimization
of a particular design concept.
2.3 MR Clutch Model Verification
In our previous work, we compared multiple configurations of MR clutches and the effect of
each configuration on the weight and electrical power consumption of an MR clutch [12]. In
these studies, FEM was used as the main tool to estimate the magnetic field inside an MR clutch
and predict the characteristics of the clutch. it was shown that for high-torque density MR
clutches, a multi-disk configuration exhibited the best characteristics considering compactness,
weight, and moment of inertia. The results were further validated in practice using a prototype
MR clutch such as the one shown in Fig. 2.2. The specifications of the MR clutch shown in
this figure are listed in Table 2.1.
Table 2.1: MR clutch specifications
Outer diameter [mm] 149
Maximum width [mm] 62
Disk thickness [mm] 1
MR fluid gap thickness [mm] 0.2
No. of input disks 4
Maximum torque [Nm] 10
Total mass [kg] 2.2
The objective of the current study is to use similar FEM to direct the design of a hybrid MR
clutch. To this effect, we will first present the comparison results between an FEM based model
of the MR clutch shown in Fig. 2.2 and those obtained experimentally in order to demonstrate
the efficacy of the modeling technique. Next we will use the same modeling technique to direct
the design of the new hybrid MR clutch. The experimental test bench used to obtain the results
for comparison includes a brushless DC motor (BLWRPG235D-36V-4000-RI3) to provide the
rotational inputs to the MR clutch. The motor is driven by a driver in the velocity control
mode. A high-power motor driver (AMC-AZ12A8), set in current mode, is used to control the
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Figure 2.2: The optimal designed MR clutch.
current to the MR clutch. An ATI gamma F/T sensor is employed to read the output torque
and A dSPACE (DS 1103) controller board to acquire data at a sampling frequency of 10 kHz.
To measure the magnetic field intensity inside the MR clutch, two unipolar ratiometric Hall
sensors (TLE4990 Infinion) are embedded inside the clutch.
In order to validate the FEM model, a low-frequency sinusoidal current varying between 0
and 1.3A (a dc offset is added to input current in order to provide positive current all the time
to the actuator) was applied to the prototype MR clutch and the magnetic field intensity and
the output torque were simultaneously measured. Fig. 2.3 depicts the input current, and the
resulting magnetic flux density inside the clutch and its corresponding output torque.
The experimental results illustrate well agreement with those obtained from the model, ver-
ifying that the model developed in COMSOL Multiphysics R© can estimate the characteristics
of an actual MR clutch with sufficient accuracy. Fig. 2.4 also shows that the Bingham model
is not capable of fully capturing hysteretic behavior of the MR clutch between its input cur-
rent and output torque. Unlike control applications in which consideration of hysteresis can
be quite important, in the current study the shortcoming of the FEM based model will not be
detrimental to the results of the study.
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Figure 2.3: (a) Sinusoidal+DC component input current, (b) Output torque and magnetic flux
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2.4 Permanent Magnet Based MR Clutch
In this section, the use of permanent magnets as part of magnetic field generation inside an
MR clutch is discussed. The main idea behind employing a permanent magnet is to develop
the magnetic field inside the MR clutch using a combination of an electromagnetic coil and a
permanent magnet. The permanent magnet provides the clutch with an initial magnetic flux
to keep the MR clutch at its optimal working point. The electromagnet coil on the other hand
adjusts the magnetic field to a desired value on demand.
The permanent magnet (PM) used in our design is hollow cylindrical and located around
the electromagnetic coil. The location of the permanent magnet is selected as part of the
optimization process such that it results in best possible torque-to-mass ratio. The novelty
of the proposed design is that it allows to achieve absolute zero and maximum torques using
minimal magnetic flux (both low and high) levels in the MR fluid gaps.
Fig. 2.5 depicts the schematic of a hybrid MR clutch along with the magnetic field distribu-
tions inside the clutch. As shown in Fig. 2.5 A, the magnetic fields generated by the permanent
magnet crosses the MR fluid, resulting in partial torque generation in the MR clutch. The
strength of the PM is enough to keep the MR clutch at its optimal operating point. The optimal
working point purely depends on the magnetic characteristics (B-H curve) of the MR clutch.
The electromagnetic coil makes up for the other part of the magnetic field as shown in
Fig. 2.5 B and C. As observed, the magnetic flux of the electromagnetic coil depending on
the polarity of the input current can be either added to or subtracted form that of the PM. This
allows to generate the maximum torque and also to achieve absolute zero torque by generat-
ing sufficient opposite flux to cancel out the PM flux as well as hysteresis remanence. This
configuration allows to relocate the areas of the magnetic circuit that are prone to saturation to
other locations less likely to saturate. In this way, the current density of the coil ergo the MR
clutch torque can be increased before the magnetic circuit becomes saturated or equivalently
for a given value of the current density the mass of the MR clutch can be reduced by using less
ferromagnetic materials in the magnetic circuit.
2.4.1 Material Selection
It is essential to specify the materials considered for each component of the MR clutches since
the permeability and the saturation values are important for the validity of the simulation re-
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Magnetic Flux
Figure 2.5: Magnetic field distribution inside a hybrid MR clutch: (a) magnetic flux density
(B field) distribution inside the MR clutch due to the permanent magnet (off-state), (b) the
field enhancement in the MR clutch pack with an applied magnetic field, and (c) the field
cancellation in the MR clutch pack due to an applied magnetic field in reverse direction.
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Figure 2.6: Parameters and functional components of a hybrid MR clutch.
sults. AISI steel 1018 was selected for the ferromagnetic component carrying the magnetic
flux. The ferromagnetic components of the MR clutch are the shaft, input-output disks, and
side disks. A non-magnetic material was used as the spacer between the disks and to separate
the clutch pack from the clutch casing. Copper was selected for the coil. Neodymium N45
magnet was used as the permanent magnet based on the simulation results and availability.
Lastly, MRF-140CG fluid was selected as the MR fluid inside the clutch.
2.4.2 Optimization
In this section the optimization of a hybrid MR clutch based on the FEM based model of the
clutch is presented. The parameters considered for the optimization include the radius of the
MR clutch’s shaft, the inner and outer radii of the input and output disks, the thickness of the
side disks, the geometry of electromagnetic coil and permanent magnet, coil’s current density,
and fluid gap thickness. Fig. 2.6 depicts these parameters. The objective of the optimization is
to maximize the magnetic flux density within the MR fluid while minimizing the mass of the
MR clutch for a given value of the nominal torque (e.g. in our case 15 Nm).
Full factorial design is investigated to achieve MR clutches configurations in response
of every possible combination of design parameters. Different ranges of optimization vari-
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Table 2.2: Optimization Variable
Variables Corresponding Index Range
Shaft radius [mm] Rs 10-13
Disk width [mm] R2 − R1 9-12
Side disk thickness [mm] HS D 3-6
Coil width [mm] Wc 16-22
Permanent magnet Width [mm] WPM 2-5
ables are studied to obtain the convergence ranges. Shortened ranges are defined in COMSOL
Multiphysics R© to conduct the local search optimization. Table 2.2 lists the optimization vari-
ables and the range considered for each variable. The MR fluid gap is fixed to 0.4 mm and the
thickness of the spacers separating the disks and the PM, and the electromagnetic coil and the
PM are set to 5 mm and 3 mm, respectively.
The resulting torque-to-mass ratios for a hybrid MR clutch versus its nominal torque value
for different number of the disks are shown in Fig. 2.7. Each point in this figure corresponds
to a distinct combination of the optimization variables. As observed, the 6- and 8-disk con-
figurations offer much higher torque-to-mass ratio for a given nominal torque value (e.g. 15
Nm). Also, the results indicate that the torque-to-mass ratio of a multi-disk hybrid MR clutch
tends to increase for the higher values of the torque meaning that larger MR clutches are more
efficient in packing more torque in a unit volume of the clutch.
To further investigate the results, the torque-to-mass ratio of a 6-disk hybrid MR clutch
versus two critical design variables, i.e., the thickness of cap (side disk) and the radius of the
shaft are shown in Fig. 2.8.
The results clearly illustrate the importance of the cap’s (side disks’ thicknesses. As ob-
served increasing the thickness of the cap (side disk) from 3 mm to 5 mm results in twofold
increase in the maximum torque of the MR clutch. The results also show that in the proposed
configuration of the MR clutch, the diameter of the shaft does not affect the torque generation
significantly. This indicates that unlike conventional MR clutches, the shaft in a hybrid MR
clutch become less prone to magnetic saturation.
The following objective function was used to obtain the optimal design parameters of the
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Figure 2.8: Torque-to-mass ratio of a 6-disk hybrid MR clutch vs (a) cap (side disk) thickness,
and (b) shaft diameter.
2.4. Permanent Magnet Based MR Clutch 29
6-disk hybrid as well as a conventional 6-disk MR clutch,
min U = W1|τd − τs| + W2mT + W3 1rT
subject to JD ≤ 2 Amm2
(2.6)
where W1, W2 and W3 are the weighting coefficients such that W1 + W2 + W3 = 1, τd is the
desired torque, τs is the output torque of the clutch in the FEM based model, mT is the mass,
rT is the torque-to-mass ratio and JD is the current density applied to the coil.
2.4.3 Result Analysis
The optimization results are shown in Table 2.3. The reported output torques were calculated
using (2.4) and (2.5). The estimated output torque for both configurations are almost 15 Nm.
However, as observed, a hybrid MR clutch offers much better torque-to-mass ratio. Accord-
ingly, the weight of an optimal hybrid MR clutch employing electromagnetic coil and PM can
be reduced by 40 percent allowing to have a more compact and lightweight clutch. Further-
more, zero-current output torques were calculated for both configurations. In a hybrid MR
clutch, the bias magnetic field generates a 3Nm bias torque. In a conventional MR clutch, the
bias torque is negligible and not included in the FEM based model. Another important design
consideration is the diameter of the shaft which is directly related to the moment of the inertia
of the MR clutch. The hybrid MR clutch requires much smaller shaft in comparison to the
conventional clutch for a given nominal torque value.
Figs. 2.9 and 2.10 illustrate the magnetic flux density contour in conventional and hybrid
MR clutches when they are energized with the maximum current density. As seen the distribu-
tion of the saturation points is changed in the proposed hybrid MR clutch. Fig. 2.9 and 2.10
shows that in a conventional MR clutch, a saturation first happens at the intersection of the steel
shaft and the side disks. The use of a PM however relocates the saturation point and helps the
magnetic flux density to be distributed more uniformly within the magnetic circuit. Fig. 2.11
11 illustrates the formation of magnetic filed within the clutch over time.
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Figure 2.9: Magnetic flux density contour map in a conventional MR clutch.
Figure 2.10: Magnetic flux density contour map in a Hybrid MR clutch.
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Conventional MR Clutch Hybrid MR Clutch
Figure 2.11: Preliminary results of the transient FEM analysis. Time evolution of the magnetic
field at time = 0.05, 0.15, 0.30 (s) is shown in both conventional and hybrid MR clutches.
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Table 2.3: Comparison of conventional and hybrid MR clutches
Conventional Hybrid
Output Torque [Nm] 15.2 15.7
Mass [Kg] 2.73 1.6
Torque to Mass [ KgNm ] 5.56 9.81
Electrical Power Consumption [Watt] 6.7 2.6
Zero-current-applied torque [Nm] 0.03 3
Radius of Shaft [mm] 16.5 12
Total Diameter [mm] 123 111
Total Height [mm] 34.6 30.6
2.5 Conclusions
To further enhance the use of MR clutches in robotic applications, the idea of employing per-
manent magnet in MR clutches was introduced in this paper. Finite Element Method was used
to design and optimize a hybrid MR clutch. The accuracy of the FEM based model was first
verified using experimental data. Having verified the accuracy of the model, the model was
then used to direct the design of the hybrid MR clutch. The results showed that using a PM
in the construction of an MR clutch could significantly reduce the mass and inertia of the MR
clutch for a given value of the nominal torque. In fact the results showed that using this tech-
nique the weight of an MR clutch could be reduced by as much as 40 percent. The light weight
design of the MR clutches promotes the use of these devices in robotic applications requiring
safe interactions with the humans.
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Chapter 3
Prototype Hybrid Magneto-Rheological
Actuator
In previous Chapter, the benefits of using permanent magnets (PM) in Magneto-Rheological
(MR) fluid based actuators were studied. Our results showed that a combination of a perma-
nent magnet and an electromagnetic coil resulted in much favorable torque-to-mass ratio in a
Hybrid MR (HMR) clutch making these types of clutches more suitable for human safe robotic
applications. This paper describes the design and development of a prototype HMR clutch and
studies the dynamic performances of such a clutch for force/torque control, experimentally.
The prototype HMR clutch used in the study is capable of transmitting up to 65Nm torque and
has a control bandwidth of approximately 30Hz. The results show great potentials of this class
of clutches for human-safe actuation systems.
3.1 Introduction
In recent years, many developments in the field of the physical human robot interaction (pHRI)
have been witnessed and significant attentions have been given to the subject of safety within
the interactive environments. The result is a fundamentally different viewpoint towards the de-
sign of the robots and in particular their actuation systems. In conventional gear-base actuation
system, a set of reduction gears are usually connected to an electric motor to increase the torque
and decrease the speed. Since electric motors have poor torque density, considerable gear re-
duction is used to enable the required actuation. However, the addition of the gearing results
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in an added reflected inertia and reflected damping in the output. The reflected inertia is often
substantial since it is the inertia of the electric motor multiplied by the square of the gear ratio.
In many occasions the reflected inertia is even larger than the inertia developed by the mass of
the robot links [1]. Mismatch inertia between a motor and load can be minimized in order to
optimize the dynamic performance and stability analysis [2]. However this optimization may
not be cost effective or possible. Additionally, reduction gears introduce noise, backlash, and
friction into the actuation system.
All of this has necessitated a need for new actuation approaches that lead to naturally low
impedance. A compliant actuator is meant to achieve this by disengaging the reflected inertia
of the actuator from the robot link. To this effect, Series Elastic Actuator (SEA) [3] places an
elastic component between the motor and the robot link. This approach can lower the total
impedance of a set of motor and gear box. However, a drawback of this design is the control
of the applied force using an elastic element. The use of an elastic element limits the control
bandwidth of the actuation system as such SEA suffers from limited bandwidth. Variable Stiff-
ness Actuator (VSA) [4, 5] was introduced later to address the shortcoming of SEA. Another
approach to safe actuation, while preserving performance was distributed macro-mini actuation
(DM2) [1]. DM2 actuation approach utilizes a parallel combination of low and high frequency
actuators. Low-frequency high-torque actuators provide high torque components of a desired
torque, while small motors provide high-frequency components of the desired torque. DM2
achieves low impedance using SEA located at the base of the robot and enhances the dynamic
performance of the actuation by relying on small servo motors located at the joint.
Distributed Active Semi-Active Actuation (DASA) [6] is our approach for delivering safe
and performant actuation. DASA approach breaks down the actuation into two elements; an ac-
tive element such as an electric motor and a semi-active element that is a Magnet-Rheological
(MR) clutch. The active element is responsible for generating the actuation power while the
semi-active element is responsible for delivering the actuation power to the load. This approach
allows multiple semi-active elements (i.e., MR clutches) at different locations to be driven us-
ing a single active element (e.g. motor). In a robot, the semi-active elements can be located at
the joints and be all driven using a single active drive at the base of the robot [7, 8]. To enable
independent motion of each joint two antagonistically driven semi-active elements are used at
each joint. In this approach, known as A-DASA (A for Antagonistic) the motor provides input
in opposite directions, clockwise and counterclockwise, which enables a pair of antagonisti-
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cally driven semi-active elements to drive each joint in either direction and independent from
the other joints.
The building block of DASA and A-DASA is an MR clutch in which MR fluid is used as
a means of torque transmission between the input and output of the MR clutch. The ability
to change the viscosity of MR fluids rapidly and precisely give MR clutches desirable char-
acteristics. MR clutches (subsequently DASA and A-DASA) can achieve high bandwidth in
force/torque control [9, 10]. These devices can be built with high torque-to-mass and torque-
to-inertia ratios and be utilized in medium to high torque demand robotic applications. MR
clutches are full back-drivable devices and neither expensive nor technically complex.
The contribution of this work is the introduction and validation of a new design concept
for MR clutches that minimizes the power consumption and increase the torque density of the
clutch. The idea is to use permanent magnets as a part of the magnetic field actuation along
with an electromagnetic coil. It is shown that this concept can reduce the total weight of the
clutch drastically in comparison to the conventional MR clutches. The combination of perma-
nent magnets and electromagnetic coils in MR clutches allows to distribute the magnetic field
carrying the magnetic flux inside the MR clutch more uniformly. The uniform distribution of
the flux reduces the areas within the magnetic path that are prone to saturation. By avoid-
ing saturation, one can reduce the volume of the material used in the magnetic path, therefore
reducing the total mass of actuator. The inherent attributes of MR clutches such as high torque-
to-mass and torque-to-inertia ratios, back-drivability, low inertia, and high bandwidth required
for for safe and performant actuation are preserved in Hybrid MR (HMR) clutches. This chap-
ter discusses the design and development and presents experimental validations of a prototype
HMR clutch with 65 Nm toque capacity. The suitability of the HMR clutch for physical human
robot interaction (pHRI) applications are also discussed.
3.2 Design and Development of Hybrid MR Clutch
3.2.1 Hybrid MR Clutch
Magneto-rheological (MR) fluids are a class of smart materials composed of a carrier fluid,
typically a type of oil or water, with suspended micron-sized particle. The viscosity of the fluid
can be controlled with an external magnetic field that aligns the particles in the direction of the
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Figure 3.1: Cross-section of a hybrid MR clutch.
field. The yield stress of the fluid is dependent on the intensity of the magnetic field.
Fig. 3.1 shows the cross section of the proposed HMR clutch concept. As seen, a HMR
clutch, not unlike a conventional MR clutch, consists of a stack of input and output disks
arranged around the rotational axis of the clutch. The space between the disks is filled with
MR fluids. The rotation of the input shaft in the presence of a magnetic field causes shearing in
the MR fluid with respect to the output of the clutch, allowing the HMR clutch to transmit the
input mechanical power to the outer part. The main difference between the two types of MR
clutches is in the formation of the magnetic field using a combination of a coil and permanent
magnet.
Regardless of the source of the magnetic field, it is the strength of the magnetic field that
determines the amount of sheer stress developed inside the MR fluid as described by Bingham
plastic model [11],
τ = τy(B) + η
dv
dz
, τ > τy (3.1)
where τ is the shear stress, τy is the field dependent yield stress, B is the magnetic field, η is
the Newtonian viscosity, and dvdz is the velocity gradient in the direction of the field. Due to the
small values of viscosity η, the second term of (3.1) becomes negligible and is often ignored.
In a disk-type clutch, the torque generated across a circumferential element of a disk at a
radius r is given by,
dT = 2pir2τdr. (3.2)
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The torque produced by an N-disk clutch is obtained after integrating (3.2) across the sur-
face of N disks, yielding,
T = 4Npi(
τy(B)(R32 − R31)
3
+
ηω(R42 − R41)
4l f
) (3.3)
where R1 and R2 are the inner and outer radius of the disks, respectively and all other parameters
are as defined previously. The field dependent yield stress used in (3.3) can be expressed in
terms of the magnetic field intensity applied to the MR fluid and the material properties of the
MR fluid as in [12],
B = 1.91φ1.133(1 − e−10.97µ0H) + µ0H (3.4a)
τy = 2.717 × 105Cφ1.5239 tanh(6.33 × 10−6H) (3.4b)
where φ is the volume fraction of Iron, µ0 = 4pi × 10−7 is the magnetic constant, H is the mag-
netic intensity, and C is a constant that depends on the carrier fluid (e.g., C = 1 for hydrocarbon
oil).
A HMR clutch takes advantage of a combination of electromagnetic coil and permanent
magnet. By utilizing a permanent magnet, the clutch can partially transfer the input torque
due to the induced magnetic field of the permanent magnet (shown using red flux lines in
Fig. 3.1). When the electromagnetic coil is energized, the additional flux (shown using blue flux
lines in Fig. 3.1) alters the (field dependant) shear stress of the MR fluid within the magnetic
circuit, allowing to generate either minimum and maximum output torques depending on the
polarity of the input current. To achieve absolute zero torque the input current must generate
sufficiently opposing flux that cancels out the flux of the permanent magnet as well as the
hysteresis remanence. The main benefit of this configuration is that it allows to relocate the
areas of the magnetic circuit that are prone to saturation to other locations less likely to saturate.
This ability allows us to reduce the volume of the magnetic material used to direct the magnetic
field; thereby reducing the total weight of the HMR clutch. It was shown in our previous
study [13] that the torque-to-mass ratio of an optimal HMR clutch can be as much as 40 percent
higher than a conventional electromagnetic coil based MR clutch.
3.2.2 Design Of a Hybrid MR Clutch
A HMR clutch includes a number of input (output) magnetic disks spaced by nonmagnetic
spacers to create a consistent gap between the disks for accommodating MR fluid and gener-
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ating torque. Each disk has four angled fins and uses these fins to couple itself to the inner
(outer) part of the clutch. Four dowel pins are used in each stack to interlock the input (output)
disks together. Dowel pins help to distribute the torque uniformly across each stack and prevent
backlash in the actuation. Two side plates are used to close the magnetic circuit path between
the main shaft and the clutch pack. An exploded view of the magnetic disks and side plates is
shown in Fig. 3.2(a).
The electromagnetic coil is wound on a magnetic bobbin which is keyed to the output shaft.
Disks, side disks, and bobbin are made of high magnetically permeable materials to form a
magnetic circuit within the clutch design. A hollow cylindrical shape permanent magnet is
within the magnetic circuit to produce the bias electromagnetic flux. An insulation layer is
placed between the clutch pack and the magnetic actuation components. The assembled HMR
clutch is shown in Fig. 3.2(b). The casing of the clutch is designed such that it can receive the
input torque generated by the active electric motor at the remote location through a transmission
belt.
3.2.3 Actuator Mass
The mass of the HMR clutch can be obtained as
M = ρst(Vsh + Vsd + Vd) + ρpmVpm + ρMRVMR + ρcuVcoil (3.5)
where ρst, ρpm, ρMR, and ρcu are the density of steel, permanent magnet, MR fluid, and copper
respectively; Vsh, Vsl, Vsd, Vd, Vpm, VMR, and Vcoil are the volume of the shaft, bobbin, side disk,
disk, permanent magnet, MR fluid, and electromagnetic coil, respectively. However, mass of
MR fluid is not considered in the simplified model due to its small volume value.
Fig. 3.3 shows the design parameters and the geometry of the HMR clutch. Describing the
material volumes as a function of the design parameters gives total mass of the clutch as
Vsh = piR2sh(HC + 2Hsd) (3.6)
Vsl = 2piHc((Rsh + wsl)2 − R2sh) (3.7)
Vsd = 2piHsd(R22 − R2sh) (3.8)
Vcoil = pi(Hc)((Rsh + wsl + wc)2 − (Rsh + wsl)2) (3.9)
Vpm = pi(Hc)((Rsh + wsl + wc + wpm)2 − (Rsh + wsl + wc)2) (3.10)
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Figure 3.2: (a) Inner assembly of the clutch pack, (b) assembly of the HMR clutch.
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Figure 3.3: Geometry of the HMR clutch and its design parameters.
Vd = Npi(td)(R22 − R21) (3.11)
3.2.4 Finite Element Analysis and Optimization
In this section, the actuator is modeled and optimized using Finite Element Method (FEM). A
2D model of the HMR clutch is built to provide comprehensive information about the intensity
of the (quasi-static) magnetic field inside the HMR clutch. This model also demonstrates the
relationship between the input current and the magnetic field, and the output torque of the
clutch. COMSOL Multiphysics R© software is used as suitable platform to carry out the FEM
simulations.
The optimization problem of a hybrid MR clutch based on the FEM based model is defined
and solved in order to calculate the proper dimensions of the HMR clutch. Three main factors
are considered in this optimization, namely the output torque (i.e., f1(x)), total mass (i.e., f2(x)),
and magnetic field nullification of the clutch pack (i.e., f3(x)). Each factor is a function of MR
clutch dimensions, represented with the vector D.
The following objective function was used to obtain the optimal design parameters of the
HMR clutch,
min| f1(x) − τd| and min f2(x) and min f3(x)
subject to f (D)
where τd is the nominal output torque. A set of constraints f(D), in the form of equalities and
inequalities, are defined to meet the expectation of the design characteristic.
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Table 3.1: Optimization Variable
Description Variables Lower Upper Optimized Value
limit limit (rounded)
Bobbin width [mm] wsl 7 11 8
Disk width [mm] R2 − R1 11 15 12
Side disk thickness [mm] Hsd 4 7 5
Coil width [mm] Wc 10 15 13.3
Permanent magnet Width [mm] WPM 3 7 5
1. the maximum current density due to coil temperature limitation (i.e., ≤ 2 Amm2 )
2. physical relations between dimensions (e.g., R1 = Rsh + Wb + Wcoil + WPM + tw, R2 > R1)
3. availability of the material (e.g., standard steel sheets for disks,permanent magnet grade,
bearings, etc)
4. minimum acceptable dimensions (e.g., minimum permanent magnet thickness, MR fluid
gap, thickness of the inner housing)
5. radius of shaft is fixed to 15 mm.
Full factorial design is investigated to achieve MR clutches configurations in response
of every possible combination of design parameters. Different ranges of optimization vari-
ables are studied to obtain the convergence ranges. Shortened ranges are defined in COMSOL
Multiphysics R© to conduct the local search optimization. Table 3.1 lists the optimization vari-
ables and the range considered for each variable.
Several tradeoffs exist in this problem. The shaft radius is fixed as it is supposed to be
mounted on a DASA test bench to be paired with a conventional MR clutch. However, it is
shown in [13] that unlike conventional MR clutches that the shaft is part of the magnetic circuit,
HMR clutch is almost independent on the design on the shaft, therefore the radius of the shaft,
and the total radius of the device could drop significantly in optimal HMR clutches. Since there
is no single optimal solution for a multi-objective optimization problem, the solution space is,
therefore, explored by inspecting a three-dimensional trade-off surface for the three design
objectives. Fig. 3.4 shows all optimal solutions as a surface in three-dimensional space where
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Figure 3.4: A trade-off surface in three-dimensional objective space.
the x axis is the mass, the y axis is the nullified magnetic field within the clutch pack, and the
z axis is the maximum output torque. Fig. 3.4 shows that for a given mass, the output torque
of the clutch is higher in designs that cannot necessarily nullify the magnetic field within the
clutch pack, and those in the range of 40-60 mT.
Fig. 3.5 depicts the magnetic flux density contours inside the HMR clutch for different val-
ues of input currents between -2A and 4A corresponding to fully disengaged and fully engaged
states of the clutch, respectively.
The strength of the permanent magnet inside HMR clutch has been selected such that the
clutch can reach its minimum and maximum torques using optimal additional flux from the
coil. As seen in Fig. 3.5(a), the coil can fully nullify the permanent magnet flux in the clutch
pack, leading to fully disengage two parts of the clutch. The use of a permanent magnet
changes the saturation point and helps the magnetic flux density to be distributed uniformly
within the magnetic circuit. This configuration allows us to move the points along the magnetic
circuit that are prone to saturation to other points within the circuit that are less exposed to the
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(a) (b)
(c) (d)
Figure 3.5: Magnetic flux density contour map in the Hybrid MR clutch when it is energized
by (a) -2A, (b) 0A, (c) 2A, and (d) 4A.
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Figure 3.6: Comparison between measured results and simulation.
magnetic flux. In this way, the current density of the coil ergo the maximum torque of the HMR
clutch can be increased before the magnetic circuit reaches the saturation. Put differently, for
a given value of the current density the mass of the HMR clutch can be reduced by using less
ferromagnetic materials in the magnetic circuit.
The transmitted torque of the HMR clutch is predicted using (3.3) and (3.4b) in our Finite
Element model. In estimating the transmitted torque, the magnetic properties if the MR fluid
used in the prototype. i.e., MRF-140CG, was included in the model. Although useful in
providing insight into the design of the clutch, the model is not capable of representing the
hysteretic behavior of the HMR clutches adequately. Fig. 3.6 depicts the transmitted torque
of the prototype HMR clutch versus its applied current and compares the results with those
predicted by the FEM based model. As observed, despite a close match between the data in the
linear region of the graph, it is clear that the FEM base model is not able to capture and present
hysteresis inside the HMR clutch.
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Figure 3.7: Components of the prototype hybrid MR clutch.
3.3 Prototype Hybrid MR clutch
A prototype HMR clutch using components shown in Fig. 3.7 was fabricated according to the
proposed design.
Steel 1018 was selected for the shaft, bobbin, and the disks to direct the magnetic field.
Laser cutting was used to cut the commercial quality GA18 steel sheet. The bobbin was coiled
with a 21 gauge (i.e., American wire gauge) magnetic wire. Fibreglass resin was used to
insulate the electromagnetic coil from MR fluid. A Neodymium permanent magnet ring (see
Table 3.2) that was magnetized through its thickness was used inside the clutch pack. To protect
the permanent magnet against corrosion, the magnet was coated with Nickel. Nonmagnetic
materials were used to 3D print the required spacers in between the disks and clutch casing.
To prevent leakage of the MR fluid, two sets of Teflon O-rings and seals were used inside the
clutch. The specifications of the prototype HMR clutch are presented in Table 3.3. Table 3.4
presents the torque capacity and specification of the HMR clutch and the clutches developed for
human-friendly robotic applications. This table also shows the torque capacity of the current
research without using permanent magnet; i.e. if the electromagnetic coil was replaced by the
combination of electromagnet and permanent magnet. The results show the superiority of the
clutch in comparison to the state of the art.
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Table 3.2: Configuration and properties of the permanent magnet
Type Neodymium
Grade N45
Remanence (Br) [kG] 1.33-1.38
Coerive Force (Hcb) [kA/m] >756
Intrinsic Coercive Force (Hci) [kA/m] >955
Max Working Temp. [C] 80
Inner diameter [mm] 80
Inner diameter [mm] 90
Width [mm] 26
3.4 Experimental Validation of the Prototype Hybrid MR
Clutch
3.4.1 Experimental System
An experimental test bench (see Fig. 3.8) was used to evaluate the functionality of the HMR
clutch. The test bench included a servo motor (Maxon EC 60) to provide the input torque to
the HMR clutch. A high-power motor driver (Maxon Motors ADS 50/5 servo amplifier) set in
current mode, provided the command current to the HMR clutch. A static load cell (Transducer
Techniques SBO-1K) was employed to measure the output torque of the prototype clutch. An
angular encoder (Renishaw RM22I) was employed to read the position of the output shaft. The
HMR clutch included two analogue and two digital Hall sensors. Two unipolar ratio-metric
analog Hall sensors (Infinion TLE4990) faced in opposite directions were used to measure
±400 mT. Also, two bipolar digital Hall sensor (Infinion TLE4998S) were used to provide a
measurement of ±200 mT with a higher dynamic range. The Hall sensors were sandwiched in
a pack of two steel disks and an aluminum disk in the centre. The aluminum disk was chosen
for its similar reluctance to the Hall sensors and to allow magnetic flux density to distribute
equally through the sandwich pack. A dSPACE (DS 1103, dSPACE Inc.) controller board was
used to acquire the data at a sampling frequency of 500 Hz and to command suitable control
signals to the actuator.
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Table 3.3: Specifications of the hybrid MR clutch
Diameter [mm] 155
Width [mm] 59
MR fluid gap thickness [mm] 0.425
No. of input disks 8
Off-state torque [Nm] 4.5
Nominal torque (at 2 A) [Nm] 45
Maximum torque [Nm] 65
Total mass [kg] 3.1
Torque density [Nm/kg] 21
3.4.2 Current vs. Torque
To evaluate the performance of the prototype HMR clutch a series of tests were performed that
are described in this section. Fig. 3.9 shows the block diagram of the system used to obtain the
experimental results presented in this section.
Step Response
To evaluate the transient performance of the HMR clutch, the output torque of the clutch was
obtained in response to a Step input current. To measure the output torque the input side of
the clutch was driven at a constant mechanical speed while its output side was locked to a
stationary load cell. The experimental result obtained using this test is shown in Figs. 3.10. In
these figures, the solid line represent the measured output torque, the dash-dot line shows the
decreed current, and the dash line shows the applied current by current driver. As observed,
the output torque starts from a bias value of 4 Nm that is due to the use of permanent magnet.
Also, the output torque has a relatively short rise time of about 40 ms, and 15 ms when the
clutch is subjected to a step input current from 0 A to 1 A and 0 A to -1 A, respectively. One
should note that this rise time is also partly due to the delay imposed by the electronics used to
drive the clutch (i.e., Maxon ADS 50/5 servo amplifier).
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Figure 3.8: Experimental test bench for testing the prototype hybrid MR clutch.
Magnetic 
Circuit
Text TextClutch 
Pack
Load Cell
Command 
Current
Measured 
Torque 
Hybrid MR Clutch
Current 
Amplifier
Text
Figure 3.9: Block diagram of the frequency response experimentation.
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Table 3.4: Comparison Between Prototype MR Clutches for Human-Friendly Actuator
Research Torque Mass MRF Number
[Nm] [Kg] gap[mm] of disks
Current work 65 3.1 0.425 17
Current work w/o PM 36 3.4 0.425 17
Kikuchi et al. [14] 40 2.2 0.05 35
Shafer et al. [10] 75 4.5 0.5 18
Fauteux et al. [15] 11 2.4 NC∗ NC∗
Yadmellat et al. [8] 15 2.3 0.5 4
* NC: Not clear
Open-loop Frequency Response
To assess the performance of the HMR clutch in frequency domain, the open-loop frequency
response of the clutch measured between the output torque of clutch and its input current
was experimentally obtained. The frequency response was obtained by applying a sinusoidal
(command) current with the amplitude of 0.5 A sweeping from 0.1Hz to 30 Hz to the clutch
and measuring the corresponding output torque. The input part of the clutch was rotating at
a constant speed while its output part was locked to a stationary load cell. The Bode diagram
of the experimental results is shown in Fig. 3.11. As observed, the resulting 3-dB Open-loop
bandwidth is measured to be approximately 20 Hz.
3.4.3 Torque Control Experiments
To evaluate closed-loop performance of the HMR clutch a PID controller was used to provide
(command) current for HMR clutch in response to closed-loop feedback error between the
desired and actual output torques. The PID controller was implemented on the dSAPCE DS
1103. Fig. 3.12 shows the closed-loop block diagram of the HMR clutch.
52 Chapter 3. Prototype Hybrid Magneto-Rheological Actuator
0 10 20 30 40 50 60 70
C
u
r
r
e
n
t
 
[A
]
0
0.2
0.4
0.6
0.8
1
(a)
T
o
r
q
u
e
 
[N
m]
6
11
16
Current Current_driver Torque
Time [ms]
0 5 10 15 20 25 30 35
C
u
r
r
e
n
t
 
[A
]
-1.2
-1
-0.8
-0.6
-0.4
-0.2
0
(b)
T
o
r
q
u
e
 
[N
m]
0
1
2
3
4
Figure 3.10: Evaluation of the transient performance of the HMR clutch when it is subjected
to an input current (a) 0 A to 1 A, (b) 0 A to -1 A.
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Figure 3.11: Open-loop frequency response.
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Figure 3.13: Torque tracking with Td = sin(2pit) + sin(5 × 2pit) + sin(10 × 2pit) + 15.
Tracking of Desired Input
To assess the performance of the HMR clutch in time domain, a rapidly varying multi-sinusoidal
signal was used as the desired torque value. The decreed torque included 3 sinusoidal signals
with frequencies of 2, 5 and 10Hz and equal magnitude of 1Nm, as well as a DC component
of 15Nm. Fig. 3.13 depicts the desired torque signal and compares it with the output torque of
the clutch. As seen, the HMR clutch is capable of achieving fast and accurate torque tracking
control.
Frequency Response
The closed-loop frequency response of the HMR clutch was also studied. The closed-loop
frequency response was obtained using a sinusoidal desired torque command sweeping from
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Figure 3.14: Closed loop frequency response of the prototyped HMR clutch.
0 to 50 Hz and measuring the output torque. The input part of the clutch was rotating at a
constant speed while its output part was locked to a stationary load cell. Fig. 3.14 illustrates
the frequency response of the HMR clutch. As observed, using the 3-dB power loss cut-off
frequency definition, the system bandwidth is measured to be approximately 30 Hz.
3.4.4 Position Tracking Control Experiments
In this experiment, a 50-cm long arm constructed of medium density plastic was coupled to
the output shaft. A counter weight of approximately 2 kg was mounted to the end of arm. The
motor output was held at a constant rotational velocity. Position data was read from an encoder
which monitors the output shaft. Figs. 3.15 and 3.16 show the response of this actuation
paradigm to a sinusoidal input command ranging between 70◦ and 110◦.
A-DASA motion control
The prototype HMR clutch was paired with a conventional MR clutch which was previously
built in our research group to evaluate the efficacy of A-DASA using non analogous pair of
clutches in delivering high performance motion control. Trajectory tracking experiments were
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Figure 3.15: Position tracking of sinusoidal input; period T = 5 sec.
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Figure 3.16: Position tracking of sinusoidal input; period T = 2.5 sec.
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conducted using the angular encoder to form the feedback signal. A 50-cm long arm con-
structed of medium density plastic was coupled to the output shaft. Fig. 3.17 and 3.18 show
the response A-DASA actuation paradigm to a referenced position command. Fig. 3.18 indi-
cates the capacity of the A-DASA actuators to achieve favorable precision in position control
tasks. Fig. 3.19 depicts the result of the stabilization of this system when it is perturbed by
external disturbances. As seen, a simple PID feedback controller and the back-drivable nature
of this actuation system recover balance against external disturbances.
Repeatability
In this section, the repeatability of the DASA actuation paradigm in force/torque and position
control is studied. Ten experiments were performed to achieve the repeatability for each control
mode.
Force/Torque Control; In this set of experiments, the static load cell module was mounted
to the test bench for closed loop torque control. A PID controller was used to develop the com-
mand signal. A step input from 0 Nm to 15 Nm at t=1 sec was used as the desired torque value.
The average of 3000 data upon achieving the desired constant torque 15 Nm was measured to
obtain the repeatability of this experiment.
Position Control; In this set of experiments, the arm module was mounted to the test bench.
Position data was read from the encoder which monitors the output shaft. A PID controller was
used to develop the command signal. A step input from 0◦ to 90◦ at t=1 sec was used as the
desired position value. The average of 3000 data when the robotic arm reaches to the desired
position 90◦ was measured to obtain the repeatability of this experiment.
Fig. 3.20 and 3.21 show that the repeatability factors in force/torque and position are within
the tolerance of 0.02 Nm and 0.25◦, respectively.
3.5 Conclusions
In this chapter the design and fabrication of a new HMR clutch was presented. The proposed
HMR clutch utilized a combination of permanent magnet and electromagnetic coil for gener-
ating a magnetic field within the clutch pack. The use of a permanent magnet enabled us to
reduce areas in the magnetic circuit that were prone to magnetic saturation. By decreasing
saturations, one can increase the current density of the coil and the torque capacity of a HMR
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Figure 3.17: A-DASA Position tracking result.
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Figure 3.18: A-DASA Position tracking result.
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Figure 3.19: Presence of external disturbance on A-DASA motion control.
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clutch. Stated differently, for a given nominal output torque, decreasing saturation allows to
reduce the volume of material used in the magnetic path and the total mass of the clutch. Our
previous results showed that a HMR clutch built in this way can have a torque-to-mass ratio
of 40% higher than a conventional MR clutch. A prototype HMR clutch was designed, fab-
ricated, and experimentally validated to further investigate the ability of the proposed design.
The prototype HMR clutch has a maximum torque of 65 Nm and a mass of 3.1 Kg. The optimal
light-weight design of the HMR clutches and inherently back-drivable nature of these devices
make them an ideal candidate for human friendly robotic applications.
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Chapter 4
Hysteresis Modeling of a Hybrid
Magneto-Rheological Actuator
The material presented in this chapter is published in the proceeding of ”IEEE/ASME Interna-
tional Conference on Advanced Intelligent Mechatronics,” Banff, Alberta, Canada, 2016.
A hybrid MR clutch utilizes a permanent magnet and an electromagnetic coil to gener-
ate the magnetic field within the clutch pack. The existence of nonlinear hysteretic behavior
between the input and output of the MR clutches needs to be fully investigated in order to
perform high fidelity force/torque control. In this paper, a closed-loop torque control strategy
is presented. The feedback signal used in the closed-loop control is estimated using an Arti-
ficial Neural Network (ANN) that uses magnetic field measurements from an embedded Hall
sensor inside the clutch. The developed neural network is capable of accurately predicting the
transmitted torque as well as modeling the hysteretic relationship between the applied current,
internal magnetic field within the clutch, and the output torque of the actuator. This technique
introduces a cost effective force/torque control by eliminating the need for conventional torque
sensors for providing feedback. The performance of the trained neural network and the said
control strategy are experimentally validated. The results clearly show the ability of a hybrid
MR clutch in delivering torque tracking control with high fidelity required in many human-safe
actuation systems.
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4.1 Introduction
In recent years, considerable attentions have been given to the field of the physical human
robot interactions (pHRI). A particular subject of interest in these considerations is the safety
of humans within the interactive environments. This has led to the design and development of
several new actuation concepts that are naturally compliant and have low impedance. Com-
pliant actuators are meant to disengage the reflected inertia of the actuator (through reduction
gears) from the actuator load. Series elastic actuator (SEA) [1] was an initial attempt to reduce
the actuator’s impedance using an elastic element placed between the motor and its load. This
concept required a trade-off between safety characteristics of the actuator and its performance,
resulting in limited controllable bandwidths. Distributed macro-mini actuation (DM2) [2] was
introduced later to maintain the inherent safety, while preserving performance. DM2 actuation
approach utilizes a parallel combination of low and high frequency actuators. In this con-
cept, low-frequency high-torque actuators are used to do the “heavy-lifting jobs”, while the
high-frequency torque actuation is maintained using small motors. For the high-frequency ac-
tuation, very low impedance is achieved by connecting the motor to the manipulator through
low-friction, low-reduction cable transmissions. As for low frequencies, low impedance is
achieved using series elastic actuators (SEA). Such systems increase both mechanical and con-
trol complexities of the actuation mechanism.
A new actuation concept called Distributed Active Semi-Active Actuation (DASA) [3] was
introduced by our research group for human-safe robotic applications. In this concept, the
entire actuation mechanism for the system is treated as one unit that includes one active com-
ponent (e.g. an electric motor) as a source of mechanical energy and a set of semi-active
components, i.e., Magneto-Rheological (MR) clutches, for distributing the mechanical energy
of the source to various loads (e.g. robot links) in the system. MR clutches replace the reflected
inertia of the actuator with the low inertia of the clutch itself [4]. Since there is no hard coupling
between the input and output, an MR clutch (hence DASA) offers inherent compliance and with
minimal output inertia. Other inherent attributes of DASA such as high torque-to-mass, high
torque-to-inertia, and high bandwidth provide the prerequisite requirements of intrinsic safe
actuation while maintaining the dynamical performance of the actuator.
One difficulty in employing MR clutches in DASA actuation is the nonlinear behavior be-
tween the input and output of the actuator. Both ferromagnetic material used inside an MR
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clutch and MR fluid itself introduce nonlinearities that make the modeling and control of this
family of actuators challenging, although MR fluids exhibit little hysteresis in comparison to
ferromagnetic materials [5]. The Bingham visco-plastic model [6] is widely used to relate the
shear stress of the MR fluid to an applied magnetic field. This model ignores the nonlinear-
ities of the fluid due to hysteresis, but is sufficiently adequate for the design and analysis of
MR clutches in most applications. Other models that do not ignore nonlinear behaviors of MR
fluids, such as Herschel-Bulkley model [7], and Bouc-Wen model [8] are complex and do not
offer significant advantages for most common applications of MR clutches. Hence, in most
studies the main emphasis of the modeling is on the hysteresis of the ferromagnetic materials.
A widely used hysteresis model for ferromagnetic materials is the Preisach model [9]. The
challenges of obtaining an inverse of the Preisach model restrict the utilization of this model
in real-time control applications. Prandtl-Ishlinskii [10] and Krasnoselskii-Pokrovskii [11]
models are also among others hysteresis modeling approaches that require complex implemen-
tations with limited use in real-time closed-loop control applications [12].
The main contribution of this work is to evaluate the use of an Artificial Neural Network
(ANN) for modeling and control of the hybrid MR actuator. The ANN is trained using a large
set of pre-recorded experiments to estimate the hysteretic nonlinear behavior between the ap-
plied current and transmitted torque of the MR clutch. This model is then used to provide
closed-loop feedback for force/torque tracking control. The novelty of this model is to elim-
inate the need of force/torque sensor in the actuation mechanism. The performance of the
hybrid MR clutch and the effectiveness of the proposed model are experimentally validated
and the results are compared with those obtained from a torque sensor.
The remaining of this chapter is organized as follow: Section 4.2 briefly introduces the
structure of a hybrid MR actuator prototype. Section 4.3 presents the process of training of
the ANN using measured data. Section 4.4 demonstrates experimental results for force/torque
tracking control using the developed ANN and compares the estimated results with those ac-
quired from an actual torque sensor. Finally, Section 4.5 concludes the paper and addresses
future works.
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4.2 Hybrid MR Actuator
In the late 1940, Magneto-Rheological (MR) fluids were discovered as materials with abil-
ity to change their shear strength within few milliseconds in response to external magnetic
fields [13]. MR fluids are typically made from water or oil carrying suspended micron-sized
particles. The viscosity of the fluid can be controlled with an external magnetic field through
the formation of particles into columns aligned in the direction of the field. The use of MR flu-
ids has been extended into compliant actuation mechanisms in that a clutch-like device filled
with MR fluids, hence the name MR clutch, is used as the complaint element. MR clutches
have the capability of transmitting input mechanical power to their output in proportion to the
intensity of an applied magnetic field. In a Hybrid MR clutch (HMR clutch), a combination
of a permanent magnet and an electromagnetic coil is used to develop the required magnetic
field [14]. Fig. 4.1 depicts a cross-section of a HMR clutch along with the magnetic field
distribution inside the clutch. The HMR clutch consists of an interchanging stack of input and
output disks arranged around the rotational axis of the clutch with the space between them
filled with MR fluid. As shown in Fig. 4.1 A, the magnetic fields generated by the permanent
magnet crosses the MR fluid and sets the MR fluids resulting in partial torque generation in
the HMR clutch. An electromagnetic coil is used to adjust the output torque by tuning the
magnetic field strength. Fig. 4.1 B and C depict two boundary cases where the applied current
to the electromagnetic coil results in the maximum and minimum, i.e., absolute zero, output
torque in the HMR clutch, respectively. One can note that the electromagnetic coil is arranged
such that its magnetic flux either adds or completely negates the flux of the permanent magnet
and its hysteresis remanence (depending on the polarity of the current) within the MR fluids.
4.2.1 Prototype Hybrid MR clutch
To investigate the characteristics of the proposed HMR clutch, a prototype as shown in Fig. 4.2
was designed, developed, and fabricated. This design is composed of input/output magnetic
disks that are held apart with non-magnetic spacers. The inner disks are mechanically coupled
to the shaft, while the outer disks are fixed to the clutch casing. A permanent magnet ring
is integrated inside the HMR clutch to produce a bias electromagnetic flux. N45 Neodymium
magnet was chosen during optimization process to allow achieving absolute zero and maximum
torques using minimal magnetic flux supplements from the electromagnetic coil. When the
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(a)
(b)
(c)
Input/ Output Disk
Shaft
Housing
Permanent Magnet
Coil
Magnetic Flux
Figure 4.1: Magnetic field distribution inside a hybrid MR clutch: (a) magnetic flux density
(B field) distribution inside the MR clutch due to the permanent magnet (off-state), (b) the
field enhancement in the MR clutch pack with an applied magnetic field, and (c) the field
cancellation in the MR clutch pack due to an applied magnetic field in reverse direction.
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(a) (b)
Figure 4.2: Prototype of the hybrid MR clutch. (a) Components of the prototype. (b) Assembly
of the prototype.
electromagnetic coil is energized (depending on the polarity of the applied current), the shear
stress of the MR fluid is altered (increased or decreased) within the magnetic path, allowing the
HMR clutch to fully transmit or disengage the input mechanical power. Using this combination
much higher torque-to-mass ratios can be obtained in comparison to coil-based MR clutch. The
specifications of the prototype HMR clutch are presented in Table 4.1.
4.2.2 Integration of the Magnetic Sensor
The location of the magnetic sensors should be carefully chosen to accurate measurement of
the magnetic flux inside the clutch. The flat surface of the magnetic sensor (Hall sensor) should
be perpendicular to the path of the magnetic field to measure both the direction and magnitude
of the flux. Given their comparable permeability to air, magnetic sensors must be placed in a
location within the magnetic path that forces the magnetic flux to pass through the sensors. Fig.
4.3 shows the locations of the magnetic (Hall) sensors inside the prototype HMR clutch. The
Hall sensors are sandwiched in a pack of two steel disks and an aluminum disk. The aluminum
disk is chosen for its similar reluctance to the Hall sensors, allowing the magnetic flux density
to be distributed equally through the sandwich pack. The clutch is designed to integrate two
analogue and two digital Hall sensor assemblies. Two unipolar ratio-metric analog Hall sensors
(Infinion TLE4990) faced in opposite directions were used to measure ±400 mT. Also, two
bipolar digital Hall sensors (Infinion TLE4998S) were integrated inside the clutch to measure
±200 mT. The digital sensors provide a Single Edge Nibble Transmission (SENT) signal based
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Table 4.1: Specifications of the Hybrid MR Clutch
Diameter [mm] 155
Width [mm] 59
MR fluid gap thickness [mm] 0.425
No. of input disks 8
Off-state torque [Nm] 4.5
Nominal torque(at 2 A) [Nm] 45
Maximum torque [Nm] 65
Total mass [kg] 3.1
Torque density [Nm/kg] 21
on the SAE J2716 standard [15], which consists of a sequence of pulses. Each transmission has
a constant number of nibbles containing the flux value, the temperature, and status information
of the sensor. These digital sensors are used to monitor the magnetic field and temperature of
the MR fluid simultaneously.
4.3 Modeling and Control of Hybrid MR Actuator
HMR clutches, being a ferromagnetic based device, suffer from a nonlinear hysteresis rela-
tionship between the input current of the clutch and the output torque transmitted through the
clutch [16]. In order to characterize this behavior of the HMR clutches, input-output mea-
surements using sinusoidal input current with three different frequencies were used. A set of
experimental data for three frequencies of 1 Hz, 4 Hz, and 8 Hz is shown in Fig. 4.4. This
figure illustrates the hysteretic behavior between the applied current, internal magnetic field,
and the output torque of the HMR clutch. The results also show that the hysteresis is a rate
dependent characteristic that can change with frequency.
The results also ascertain the necessity of investigating an accurate modeling technique
of HMR actuators for reliable force/torque control. Obviously, employing a conventional
force/torque sensor used in a closed-loop feedback configuration to regulate the torque is an op-
tion. However, these sensors are notoriously famous for having high level of noise. Moreover,
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Figure 4.3: Location of hall sensors inside the hybrid MR clutch.
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Figure 4.4: Hysteretic behavior for an MR clutch.
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these sensors are often used in a non-collocated configuration making them prone to friction,
backlash and additional noises. Finally, in applications such as robotics in which task space
forces/torques of the robot end point are related to joint space torques of each joint using Ja-
cobean matrix achieving force/torque control with high fidelity is even more difficult. It is due
to these reasons that it becomes highly desirable to study and deal with nonlinear behavior of
HMR clutches, mainly hysteresis, to obtain an alternative solution to conventional force/torque
sensors. To this effect, magnetic field measurement from within the clutch pack is used as
the feedback signal to estimate the transmitted torque and to compensate for the hysteresis be-
tween the input current and the magnetic field. One should also note that since magnetic field
measurement is collocated with the actuator, the measurement will not be susceptible to any
of the issues raised with conventional force/torque sensors. Next, an Artificial Neural Network
(ANN) is considered to peruse the input-output relationship of the HMR clutch.
4.3.1 Artificial Neural network
Artificial neural networks (ANNs) have been widely used in nonlinear hysteresis modeling
and control [17–22]. This interest is due to their high capability in learning and adaptation.
ANNs show much better performance than standard mapping techniques in the presence of
hysteresis, noise, and other nonlinearities in time series. Among the reasons are the ability of
ANNs to learn from actual experimental data and the intrinsic nonlinearity of ANN models. A
feed-forward neural network with a hidden layer [23] is considered for studying the hysteretic
behavior of a HMR clutch. Fig. 4.5 shows the architecture of a feed-forward neural network.
A nonlinear autoregressive network with exogenous inputs (NARX) is considered, i.e.,
y(t) = F(x(t − 1), ..., x(t − d), y(t − 1), ..., y(t − d))
where F is a nonlinear function of its arguments, x is the input, y is the predicted output, and d
is the number of previous samples in the data set. Modeling the nonlinear behavior of the clutch
is based on training the NARX network from the actual sets of data acquired from magnetic
and torque sensors.
To generate the training data sets, different input currents were applied to the prototype
clutch and the corresponding internal magnetic field and the output torque were recorded. In
order to increase the accuracy of the network, several input currents including sinusoidal with
different magnitudes and frequencies, swept sine chirps, and steps were applied. The neural
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   (t+1)
H (t)
T (t)
Figure 4.5: Architecture of the feed-forward neural network.
network was then trained based on the known internal magnetic field and the transmitted torque.
The Neural Network Toolbox in MATLAB R©was used to train the neural network with this set
of data using the Levenberg-Marquardt algorithm. In this algorithm. The number of hidden
neurons and the delay memory lines were chosen as 20 and 8 by trial and error, respectively.
4.3.2 Torque Control Scheme
The main notion behind “sensor-less” force/torque tracking control of a HMR clutch is the one-
to-one relation between the internal magnetic field and the output torque. This relationship is
shown in Fig. 4.6 when the clutch is subjected to a sinusoidal input current with different fre-
quencies. This relationship allows controlling the torque of the hybrid MR clutch precisely in a
configuration shown in Fig. 4.7 which depicts a closed-loop torque control strategy for a HMR
clutch using a simple PID controller and a trained ANN. The error is formed by comparing
the desired output torque and its estimated values. The estimated value of the output torque
is obtained using the trained network as described in the previous section. The PID controller
provides a reference signal for a current driver that drives the electromagnetic coil inside the
HMR clutch to add to or subtract from the bias magnetic field of the permanent magnet. In the
next section, we show the results for performance evaluation of this system.
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Figure 4.6: Output torque versus magnetic field.
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Figure 4.7: Closed-loop control configuration using embedded Hall sensors.
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Figure 4.8: Experimental test bench.
4.4 Experimental Results
4.4.1 Experimental Test Bench
To acquire the torque transmitted by the HMR clutch in different working conditions and to
compare the estimated torque of the ANN to those obtained using actual measurements, the
prototype HMR clutch was mounted on an experimental setup shown in Fig. 4.8. A servo
motor (Maxon EC 60) provides the rotational inputs to the HMR clutch. A servo amplifier
(Maxon 4-Q-DC Servo-amplifier ADS 50/5), set in torque mode, is used to control the current
to the MR clutch. Two unipolar ratio-metric Hall sensors (Infinion TLE4990) embedded in
the HMR clutch and faced in opposite directions measure the strength of the magnetic field up
to ±400 mT . A static load cell (Transducer Techniques SBO-1K) is employed to measure the
output torque of the prototype clutch. A dSPACE controller board (DS 1103, dSPACE Inc) is
used to acquire the data at a sampling frequency of 500 Hz and to generate suitable control
signal commands for the HMR clutch.
4.4.2 Validation of the Modeling Method
In this section, the results from several experiments to validate the accuracy of the trained net-
work are presented. These results were obtained to assess the ability of the ANN in predicting
nonlinear characteristics of a HMR clutch. Two sinusoidal input currents with frequencies of 6
Hz and 8 Hz were applied to the prototype clutch. The output torque was estimated based on
the trained neural network using internal magnetic field measurements. The actual transmitted
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Figure 4.9: Actual torque measurements versus estimations.
torque was recorded via a load cell on the output shaft of the prototype clutch. Fig. 4.9 com-
pares the predicted values of the output torque using the proposed neural network with those
obtained experimentally using the load cell. The figure shows the estimated torque versus ap-
plied current (first column) as well as estimated and actual torque as functions of time (second
column). The results show close match between the actual and predicted output torques despite
the presence of heavy hysteresis in the HMR clutch.
4.4.3 Torque Control
In this section, the performance of the proposed “sensor-less” force/torque tracking control
scheme is presented. In the proposed scheme, the ANN provides the feedback signal for the
PID controller that controls the output torque of the actuator. It should be noted that no other
feedback signal, except for the embedded Hall sensors inside the HMR clutch were used to
achieve these results. The load cell was only used for evaluation purpose. The block diagram
of the control system was shown in Fig. 4.7. The gains of the PID controller were tuned in
each experiment to establish best tracking results.
Fig. 4.10 shows torque estimations along with actual torque measurements. The output
torque of the MR clutch was controlled to track a sinusoidal trajectory with various frequencies
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Figure 4.10: Torque control results for 1 Hz, 4 Hz, 6 Hz, and 8 Hz sinusoidal desired torque
trajectories (from left to right).
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Figure 4.11: Torque control results for multi-sinusoidal reference signal.
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ranging from 1 Hz to 8 Hz. This figure also includes both tracking and prediction errors for
each desired input. The tracking error is computed as the difference between the estimated and
the desired torque values, while the prediction error is the difference between the estimated and
the actual torque measurement using the load cell.
In order to further evaluate the ability of the proposed approach, multi-sinusoidal1 was
used as the desired torque trajectories of the actuator. Fig. 4.11 demonstrates the results for
the multi-sinusoidal desired torques along with tracking and prediction errors. As observed,
there is a well agreement between the estimated output torque and those obtained using actual
torque measurements. The results clearly show the capability of the proposed model to esti-
mate the output torque and to perform torque tracking control where no external force/torque
measurements are used in the control loop. These results validate the feasibility of “sensor-
less” force/torque control scheme and suggest a cost-effective solution for torque control in
human-safe robot applications using HMR clutches.
4.5 Conclusions and Future Works
MR clutches have been found to be a suitable for compliant actuation. In this regard, a new
Hybrid MR clutch using a combination of a permanent magnet and an electromagnetic coil was
designed and implemented. A modeling and control scheme using Artificial Neural Networks
were proposed and studied. The performance of the prototype HMR clutch was then evalu-
ated. The proposed modeling scheme became possible as a result of embedded Hall sensors
inside the HMR clutch. The model was used to compensate for hysteresis between the input
current and the output torque of the HMR clutch. This method eliminated the need for exter-
nal force/torque sensors and provided a viable alternative to conventional force/torque control
schemes. Experimental results verified the performance of the proposed modeling and con-
trol technique. Additional results for hybrid force and position control will be provided in our
future work to further demonstrate clear advantages of this type of actuators for human-safe
robotic applications.
1Td(t) =
∑n
i=1 Aicos(ωit + φi), where Ai, ωi, and φi, for i = 1, ...., n are the amplitude, frequency, and phase of
each sinusoidal term, respectively.
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Chapter 5
Conclusions and Future Work
5.1 Conclusion
In this work, a new magnetic actuation mechanism inside Magneto-Rheological actuators was
presented. The novel design takes benefit from the combination of the electromagnetic coil and
permanent magnet. Finite Element Analysis was hired to fully study the characteristic of the
new design. The location of the permanent magnet was chosen carefully in the optimal design
of the MR clutch. The newly designed MR clutch was then manufactured to be investigated
and compared to its coil based counterpart. The optimal light-weight design of the HMR
clutches and inherently back-drivable nature of these devices make them an ideal candidate for
human-safe robotic applications.
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5.2 Future Work
5.2.1 Validating Antagonistic DASA using HMR and Conventional MR
clutches
The designed test bench has the capacity to be equipped with two MR clutches. In order to
study the A-DASA approach, a previously built conventional MR clutch should be mounted on
the test bench. A-DASA was validated by integrating two clutches that share the same charac-
teristic [1, 2]. However, this approach can be extended using HMR clutch and its counterpart
using electromagnetic coil. Antagonistic-DASA Experimentation Platform is shown in Fig.
5.1.
5.2.2 Hybrid Motion-Force Control
Safe interaction with the environment requires the robotic manipulator to control motions and
forces while the manipulator is in contact with a rigid environment. Hybrid motion-force
control exploits both control signals produced by two independent motion and force controllers
in which motions and forces should be independently controlled. Here, the use of Hall sensors
inside the clutch provides obligatory information to compensate the hysteretic relationship
between the input current and output torque of the clutch. Using the developed neural network
and measuring the internal magnetic field, cost effective “sensorless” torque control can be
achieved. Position data can be acquired from an encoder which monitors the output shaft.
5.2.3 Multi-DOF Light Weight Manipulator
This work can be integrated in the construction of a multi-DOF manipulator or a robotic ex-
oskeleton implementing the A-DASA approach. Permanent magnet introduces “Fail-safe” fea-
ture into DASA approach. Fail-safe feature is one that, allows the robotic manipulator to
maintains its position in the event of unintended interruption of the electrical input power. The
construction of a multi-DOF manipulator can take benefits from the fail-safe feature of HMR
clutches. A conceptual design of a light-weight robotic exoskeleton using HMR clutch is de-
picted in Fig. 5.2. A single motor drives the input to two sets of HMR clutches, in opposite
directions with respect to one another. The antagonistic output of each sets of clutches are cou-
pled to the first and second joint of the shoulder, respectively. This design results in low inertia,
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Figure 5.1: A-DASA Experimentation Platform.
controllable stiffness, and back-drivable transmissions with zero backlash for shoulder’s joint.
5.2.4 Redesign the Location of the Hall Sensors
The current design is formed by embedding the Hall sensor inside the sandwich pack of two
steel and one aluminum disk. The selection of aluminum disk was the result of the previous
study to provide a non-hysteretic environment to Hall sensors and makes the reading clear.
However, the low permeability of the aluminum disk creates huge air gap in the magnetic
circuit in comparison to the other parts and sacrifices the performance of the MR clutch. On
the other hand, the sandwich pack of two steel and one aluminum disk increases the total height
of the clutch, ergo increasing the total mass of actuator. Moreover, integrating the Hall sensor
in the middle of clutch pack rises manufacturing and assembling issues.
For future work, the sandwich pack assembly can be replaced by a non-magnetic disk with
built-in Hall sensor. A simulation is performed to validate this concept. Fig. 5.3 illustrates a
computer simulation regarding the new place of the Hall sensors. As seen, the magnetic path
is perpendicular to the flat surface of the Hall sensor.
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Figure 5.2: Conceptual design of a light-weight robotic exoskeleton.
(a)
(b)
Figure 5.3: (a)Magnetic flux density contour map. (b)The path of the magnetic field is perpen-
dicular to the surface of the Hall sensor.
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